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We report on high-speed CH planar laser-induced fluorescence (PLIF) imaging in turbulent diffusion flames using a
multimode-pumped optical parametric oscillator (OPO). The OPO is pumped by the third-harmonic output of a
multimode Nd:YAG cluster for direct signal excitation in the A-X (0,0) band of the CH radical. The lasing threshold,
conversion efficiency, and linewidth are shown to depend on the number of pump passes in the ring cavity of the
OPO. Single-shot CH PLIF images are acquired at 10kHzwith excitation energy up to 6mJ=pulse at 431:1 nm. Signal-
to-noise ratios of ∼25–35 are the highest yet reported for high-speed CH PLIF. © 2011 Optical Society of America
OCIS codes: 120.1740, 190.4970, 300.2530.
The recent availability of high-repetition-rate, high-
energy Nd:YAG lasers has led to an increased interest
in high-speed planar laser-induced fluorescence (PLIF)
for understanding gas-phase combustion reactions in
turbulent flows. To probe electronic transitions of gas-
phase molecules, the use of optical parametric oscillators
(OPOs) [1–4] or high-speed-pumped dye lasers [5] has
been demonstrated. High-speed detection of species with
mole fractions at the parts per million (ppm) level (e.g.,
the CH radical) necessitates the use of burst-mode-laser
pump sources due to the limited availability of high-
speed, short-pulse (10 ns) oscillators with sufficient per-
pulse laser energy. In addition, gain depletion in dye la-
sers limits output energy of multiple-pulse sequences [1].
Because of this, both custom-built [2,4] and commercially
available burst-mode OPO instruments [3] have been
used to produce wavelength-tunable UV or near-UV
radiation.
To date, high-speed OPO instruments have been de-
vised for exciting the OH radical [2,3], CH radical [6], and
NO molecule [4]. Typically the UV radiation is generated
by mixing the signal from the OPO with the narrow-
linewidth pump to produce a UV-shifted pulse using sum-
frequency mixing [2,4,6] or by frequency doubling the
OPO signal [3]. Both of these methods lead to a signifi-
cant reduction in output energy and a corresponding
decrease in single-shot signal-to-noise ratio (SNR). As
a result, avoiding frequency conversion by using the di-
rect signal output generated by an OPO, as proposed
here, is an attractive means of achieving sufficient energy
for efficient excitation of trace combustion species such
as the CH radical.
The CH radical is of particular interest in turbulent
flames where it is produced during high-temperature hy-
drocarbon oxidation and decomposition and serves as an
excellent marker of the reaction zone. It also initiates the
formation of prompt NO, a highly toxic pollutant. The
CH radical is present at ppm levels in hydrocarbon
combustion reactions and is therefore difficult to mea-
sure. Single-shot measurements with a high SNR have
been collected for one [7,8] or two pulses [9] at a 10Hz
repetition rate. Most recently, ten CH PLIF images at
10 kHz have been demonstrated with a 400 μJ, narrow-
bandwidth (300MHz) excitation pulse [6], although the
SNRwas limited to 7 and described by the authors asmar-
ginal. While narrow-bandwidth excitation is suitable for
PLIF imaging at atmospheric pressure and below [2,4,6],
it necessitates the use of both a frequency-narrowed
OPO pump and signal/idler. However, the limited avail-
ability of seed lasers at CH excitation wavelengths
(∼390 or ∼431 nm) requires OPO signal generation in
the near IR followed by low-efficiency frequency mixing
or doubling [6].
The approach proposed in this Letter avoids these dif-
ficulties by achieving high OPO signal output energy di-
rectly at the excitation wavelength of the CH A-X (0, 0)
band near 431 nm. This allows pumping with either a nar-
row or multimode Nd:YAG pump source, and in particu-
lar, commercially available Nd:YAG clusters. Broad
spectral excitation near 431 nm can also be advantageous
for CH PLIF by avoiding signal-limiting saturation effects
from narrowband sources [3,7,8] and interference from
formaldehyde absorption at 390 nm. Thus, the goal of this
Letter is to increase the SNR of high-speed CH PLIF
images by use of a custom-built, multipass OPO for direct
generation of ∼431 nm output utilizing a high-speed mul-
timode Nd:YAG pump source.
The laser system comprises a custom-built OPO,
pumped by a cluster of four double-pulsed, frequency-
tripled, Q-switched Nd:YAG lasers (Thales Multi-Channel
Nd:YAG) at 355 nm, as shown in Fig. 1. If operated in
single-pulse mode, the four lasers can be spaced as little
as 100 ns apart (10MHz) and produce 255mJ each at
355 nm. With double pulsing, eight consecutive pulses
can be produced with a variable time spacing of 30 to
200 μs between pulses (5–33 kHz) and at least 60mJ
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individual pulse energy at 355 nm. For this Letter, four
single pulses spaced by 100 μs (10 kHz) are selected
for demonstration purposes, with ∼60mJ individual
pulse energy for pumping the OPO.
The OPO output is formed into a thin laser sheet
(∼750 μm × 60mm) and interacts with CH formed in a dif-
fusion flame with a 4mm nozzle. Either pure CH4 or a
mixture of 78% CH4=22% H2 (by volume) is used with
a total flow rate of 12.5 standard liters per minute. The
hydrogen is added to decrease broadband absorption
from polycyclic aromatic hydrocarbons (PAHs) [10].
The CH fluorescence is captured using a high-speed
complementary metal oxide semiconductor (CMOS)
camera (Photron, SA5) coupled to a high-speed dual-
stage intensifier (LaVision, HS-IRO). A 50mm visible Nik-
kor F=1:2 lens is employed with two 8mm extension
rings to collect resonant CH fluorescence near 431 nm.
The OPO, illustrated in Fig. 2(a), consists of two Type-I
β-bariumborate (BBO) crystals that are rotated to provide
walk-off compensation for the pump and signal wave-
lengths. The crystals (7mm × 5mm × 15mm) are cut at
35° to allow signal generation over a broad range of
wavelengths with a 355 or 266 nm pump source, although
only 355 nm is explored in this Letter. The BBO crystals
are enclosed in a ring cavity composed of two high reflec-
tors and one output coupler. The ring cavity design allows
for directional pumping of the OPO such that light is only
generated in one direction. The high reflectors provide
greater than 99% reflectivity from 375 to 460 nm, produ-
cing a singly resonant oscillator on the signal. The output
coupler is 40% reflective from 390 to 460 nm.
The pump laser enters the cavity via two 355 nm mir-
rors and generates signal in a clockwise direction. After
the first pass, the pump can be passed through the crys-
tals a second time, interacting with the BBO crystals in
the same direction as the first pass. This is accomplished
with a slight misalignment between the first and second
passes, although great care must be taken to ensure that
the propagation vectors are nearly identical in the phase-
matching direction. The third pass does not enter
the cavity. The signal and idler frequencies are given
by the conservation of energy, ωpump ¼ ωsignal þ ωidler,
where the wavelength increases from the pump to the
idler, and the signal wavelength is selected by rotating
the phase-matching angle of the crystals. In this Letter,
the pump laser is operated at 355 nm with signal gener-
ated at 431:1 nm.
After one pass, the pump retains significant energy due
to the relatively low efficiency of the optical parametric
(OP) process. Because the OP process only occurs when
the pump is interacting with the BBO crystals and is a
nonlinear effect, reintroduction of the residual pump
by use of a second pass increases the duration of the OP
process and the amplitude of the pump light in the active
medium. The length of the pump pass is 96:7 cmwhile the
cavity length is 32:1 cm, corresponding to round-trip
durations of 3.2 and 1:1 ns, respectively. Therefore, the
second pump pass acts as a pulse stretcher from
∼10 ns FWHM to ∼14 ns and also increases the amplitude
of the pump energy in the cavity. Assuming perfect phase
matching and a cavity resonant on the signal, the ampli-
tude of the signal, AS , is written as a function of distance
in the medium, z,
ASðzÞ ¼
1
2
ASð0Þ expðgzÞ; ð1Þ
where g is a linear function of the pump amplitude, AP .
An increase in pump energy provides a significant in-
crease in AS since the OP process is a nonlinear function
of AP through g [11]. Additionally, the signal generated in
the cavity experiences ∼13 round trips of 1:1 ns during
the extended pump process. This second effect acts to
increase the signal output since the OP process is a linear
function of the signal amplitude, AS (0). The conversion
efficiency of the OPO at 431:1nm is given for both single-
and double-pass operation in Fig. 2(b). The double-pass
configuration reduces the laser threshold from 25 to
17mJ. This is significant given that most high-repetition-
rate sources are limited by pump power. The second
pump pass increases the conversion efficiency by ∼2:5×
at low energy but by only ∼1:5× at high energy due to
increased depletion of the pump beam.
In addition to lasing threshold and conversion effi-
ciency, the bandwidth and beam quality of the generated
signal are influenced by the double-pass configuration.
The bandwidth of the OPO signal was recorded with a
0:550m spectrometer (Jobin Yvon SPEX, Triax Series
550) with a measured minimum resolution of 0:04 nm
or 2:2 cm−1 at ∼431 nm. A series of 70 spectra were re-
corded and fit using a Gaussian function to determine
the mean spectral bandwidth (FWHM). The single-pass
configuration exhibits a bandwidth of 9:12 0:83 cm−1
(9% deviation). In contrast, the double-pass configuration
exhibits an increased bandwidth of 11:11 3:98 cm−1
(36% deviation). This increase in bandwidth and deviation
results from slight misalignment in the phase-matching
direction causing mode competition. Additionally, the
M2 factor increases from 5.5 to 10.9 when the second
Fig. 1. Experimental schematic including Nd:YAG laser
cluster and optical layout. S, second-harmonic generation; T,
third-harmonic generation; OPO, optical parametric oscillator.
Fig. 2. (Color online) (a) OPO schematic showing double-pass
configuration and (b) effect of multiple pump passes on OPO
conversion efficiency. Data are averaged over 100 laser shots.
OC, output coupler; HR, high reflector; BD, beam dump.
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pass is introduced. This is due to the offset of the first and
second pumppasses in the non-phase-matching direction,
which acts to widen the beam.
PLIF images are shown in Fig. 3 for both CH4 and
CH4─H2 diffusion flames, as described previously. PAH
and CH fluorescence can be distinguished by tuning the
OPO on and off the CH resonance at 431.1 and
432:2 nm, respectively. While the PAH and CH signals
are spatially distinct, the high PAH signal (SNR ∼60)
can limit the gain of the intensifier and the CH PLIF signal
(SNR∼15). Similar to previousmeasurements at low repe-
tition rates, the addition of H2 eliminates PAH production
[10], as illustrated in Fig. 3(c), allowing CH PLIF SNR∼38.
Four consecutive CH PLIF images in the CH4─H2
flame are shown in Fig. 4, with an average of 3:9mJ per
pulse at 431:1 nm and an interpulse spacing of 100 μs
(10 kHz). This intensity (7:9 × 104 W=cm2 · cm−1) is ∼10×
lower than the saturation limit of CH (∼106 W=cm2 ·
cm−1), in contrast with PLIF using narrowband sources
[10]. Minimal Mie scatter from particles entrained in the
air coflow is visible but is generally negligible in diffusion
flames used for fundamental combustion studies. The
SNR in the CH layer is ∼25–35, defined as the CH signal
to the RMS background noise, with the average laser en-
ergy varying by 17% vertically along the imaged region.
This SNR is the highest yet reported at high repetition
rate [6] and slightly lower but on the same order as that
observed at low repetition rate (SNR ∼25–75 in [7]). Evo-
lution of the turbulent flame is observed with sufficient
SNR to track flame propagation as well as the formation
and closure of holes in the CH layer. The convective ve-
locity of the large-scale structures is measured to be
7:6m=s, which is slightly less than the expected velocity
at the fuel–air interface of 8:4m=s. To our knowledge,
this is the first series of time-correlated 10 kHz CH PLIF
images obtained by direct use of the 431 nm high-energy
signal output of a multimode-pumped OPO [6].
In summary, a custom-built burst-mode OPO at
∼431 nm has been employed for high-speed CH PLIF ima-
ging at 10 kHz for tracking turbulent fluid–flame interac-
tions. Investigation of OPO performance has shown the
feasibility of double-pass pumping to improve conversion
efficiency with a multimode source. A reduction in lasing
threshold and an increase in output energy is achieved,
although an increase in spectral bandwidth and a reduc-
tion in beam quality results. Even so, the time-correlated
images exhibit an SNR that is comparable to low-
repetition-rate sources and the highest reported for
kilohertz-rate sources.
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Fig. 3. CH4 diffusion flame tuned (a) on and (b) off the CH
resonance to mark CH and PAH fluorescence, and (c) CH
fluorescence in CH4─H2 flame. Units of spatial scales are
millimeters from fuel-tube exit and centerline.
Fig. 4. (Color online) Four consecutive CH PLIF images at
10kHz. Highlighted region shows sufficient SNR and spatial re-
solution (∼50 μm) to track CH-layer propagation and extinction.
Units of spatial scales are millimeters from fuel-tube exit and
centerline.
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